INTRODUCTION
Thyroid cancer is the most common endocrine malignancy, and it is also the fastest-growing solid tumor. 1 During the past few decades, the annual percentage change (APC) in the incidence rate of thyroid cancer has increased substantially worldwide. 2 Follicular thyroid carcinoma (FTC) is one of four pathological types of thyroid cancer, with a morbidity rate ranked second only to that of papillary thyroid carcinoma (PTC). In terms of cancer characteristics, FTC is more aggressive and grows faster than PTC, and FTC is difficult to diagnose without paraffin sections. 3, 4 Because FTC is highly aggressive and readily undergoes hematogenous metastasis, most FTC patients need immediate treatment, such as total thyroidectomy. 1 Although most patients' prognoses are satisfactory because of timely and accurate therapies, postoperative scars and lifelong medication regimens are permanent and unavoidable. In addition, it has been shown that surgical treatment for patients with distant metastasis (including lung, bone, and brain metastases) is ineffective or detrimental. [5] [6] [7] [8] [9] In addition it, there is a need for development of alternative therapeutic interventions to treat and control the progression of FTC.
Recently, sialyltransferase (ST) families have been reported to be critical cancer-regulating factors. 10 Sialylation is a key process in eukaryotic cells that has been shown to act in cell recognition, cell adhesion, receptor activation, and protein stability. 11 Therefore,
STs contribute greatly to tumor development by acting as catalysts of sialylation. STs are categorized into four families: ST3GAL, ST6GAL, ST6GALNAC, and ST8SIA. 12 As reported, ST6GAL1 and ST3GAL6 regulate tumorigenesis of human colorectal carcinoma, 13, 14 ST6GALNAC2 regulates breast cancer invasion, 15 and ST8SIA2 regulates cell invasion of non-small cell lung cancer. 16 Moreover, similar findings were reported in our previous study, which showed that alpha-2,6-sialyltransferase 2 (ST6GAL2) is highly expressed in FTC and regulated by the long noncoding RNA-HLA complex P5 (HCP5). 17 However, the downstream regulatory mechanisms of ST6GAL2 in FTC are not clear.
Resveratrol is a polyphenolic phytoalexin extracted primarily from grapes and is well known for its protective cardiovascular effects and antineoplastic activity. 18, 19 Resveratrol's antineoplastic effects have been confirmed in hematological and solid tumors during the last decade. 20 Regarding thyroid cancer, previous studies have shown that resveratrol has preventive potential in a murine model of carcinogen-induced thyroid cancer. 21 Moreover, resveratrol acts as an antineoplastic agent in poorly differentiated anaplastic thyroid carcinoma (ATC) by inducing redifferentiation. 22 However, the effects of resveratrol on highly invasive FTC have not been reported. In our preliminary experiment, we measured the effects of various Chinese medicine compounds on FTC cells and finally screened resveratrol for its inhibitory effect on FTC tumorigenesis. However, the mechanism underlying resveratrol's inhibitory effect on FTC cells is not clear.
The Hippo signaling pathway has been reported to be a key regulator in development of different types of cancer, including thyroid cancer. [23] [24] [25] [26] [27] [28] Yes-associated protein (YAP), the key member of the Hippo signaling pathway, has been implicated as an oncogene in the regulation of tumor suppression concerning tissue repair and regeneration. 29 When the Hippo signaling pathway is activated, YAP is phosphorylated into p-YAP; p-YAP cannot enter the nucleus and bind to TEA domain transcription factor (TEAD) to exert transcriptional regulation activities, contrary to YAP. 30 Therefore, activation of the Hippo signaling pathway inhibits tumor progression.
This study aims to reveal new pathogenic mechanisms of FTC and proposes measures for intervention. Here we reveal a mechanism that involves ST6GAL2 in promoting FTC tumorigenesis. Furthermore, our study of FTC drug interventions revealed that resveratrol can inhibit FTC tumorigenesis via a mechanism possibly related to direct action toward ST6GAL2 and the Hippo signaling pathway. In our previous study, we found that ST6GAL2 is aberrantly highly expressed in FTC and that this expression pattern may be regulated by HCP5 via microRNA (miRNA) sponging. 17 However, the regulatory mechanism of ST6GAL2 in FTC has not been studied. To further explore the potential role of ST6GAL2 in FTC, we constructed ST6GAL2-small interfering RNA (siRNA) and ST6GAL2 overexpression plasmids, the efficiency of transfection is ideal (Figures 2A  and 2B ). The colony formation assay showed that overexpression of ST6GAL2 promoted cell proliferation, whereas inhibition of ST6GAL2 reduced cell proliferation in both FTC133 and FTC238 cells ( Figures 2C and 2D ). Next we evaluated cancer cell migration and invasion using Transwell-based assays. Cell migration and invasion were augmented in the presence of ST6GAL2 but suppressed in the group with ST6GAL2 inhibition ( Figures 2E-2H ). Angiogenesis is crucially correlated with tumor growth and metastasis. Thus, a capillary tube formation (CTF) assay was used to assess the effect of ST6GAL2 on tumor growth and metastasis. The length of the tubes was increased by proangiogenic stimuli in the supernatant of ST6GAL2-overexpressing cells, and the opposite results were found in si-ST6GAL2-transfected cells ( Figures 2I and 2J ). Together, these results indicate that ST6GAL2 promotes tumorigenesis of FTC cells.
RESULTS

ST6GAL2 Is Aberrantly Overexpressed in FTC
To further investigate the effect of ST6GAL2 on tumorigenesis of FTC, an athymic nude mouse subcutaneous xenograft model was established. We selected the more aggressive FTC238 cells to establish the models. As presented in Figures 2K-2M , compared with overexpression of ST6GAL2, downregulation of ST6GAL2 significantly decreased the size and inhibited the growth rate of tumors generated by FTC238 cells. Accordingly, the weights and volumes of ST6GAL2-overexpressing tumors were significantly higher than those of si-ST6GAL2-expressing tumors. Collectively, these results suggest that ST6GAL2 significantly regulates the proliferative capacity of FTC cells in vivo and in vitro and controls FTC cell migration, invasiveness, and angiogenesis in vivo.
ST6GAL2 Inactivates the Hippo Signaling Pathway in FTC
The Hippo signaling pathway is a recognized tumor suppressor pathway. 31 Accumulating evidence indicates that this pathway plays important roles in pathogenic mechanisms of cancer, including tumorigenesis and metastasis. 32 In this study, the expression of Hippo family members, including p-MST1/2, mamma-lian STE20-like protein kinase 9 MST, p-LATS1, LATS1, p-YAP, YAP, and TAZ, was investigated by western blot analysis. The results revealed that overexpression of ST6GAL2 reduced the p-MST1/2, p-LATS1, and p-YAP levels, increased the YAP and TAZ levels, and did not affect the total expression levels of MST1/2 and LATS1 in FTC cells ( Figures 3A and 3B ). Moreover, the immunofluorescence (immunohistochemistry [IHC] ) staining assay demonstrated that ST6GAL2 upregulation enhanced but ST6GAL2 silencing reduced nuclear translocation of YAP and TAZ ( Figure 3F ). An IHC staining assay was performed and indicated that the Hippo pathway is inactivated by ST6GAL2 overexpression. However, ST6GAL2 silencing yielded the opposite effect ( Figures 3D and 3E ). Thus, these results demonstrate that ST6GAL2 inactivates the Hippo signaling pathway in FTC. 4D ). In addition, the migration and invasion abilities of ST6GAL2-rescued cells were enhanced compared with those of si-ST6GAL2-transfected cells ( Figures  4B, 4C , 4E, and 4F). Taken together, these findings confirmed that downregulation of ST6GAL2 inactivated the Hippo signaling pathway and reduced the proliferation, migration, and invasion abilities of FTC cells.
Resveratrol Suppresses the Tumorigenesis of FTC In Vivo and In Vitro
Resveratrol is recognized for its anticancer effects in many kinds of solid tumors. 33 Among thyroid cancers, resveratrol has been reported to inhibit ATC 22 and to exhibit antineoplastic activity in murine thyroid cancer models. 21 Many drug compounds have been reported to have the same antitumor effects as resveratrol. Furthermore, our preliminary experiments showed that, as expected for resveratrol, some of these compounds, such as sinomenine, ginsenosideRg1, and ginsenoside-Rb2, did not affect the tumorigenesis of FT (data not shown). To further explore the relationship between resveratrol and FTC cells, the two FTC cell lines FTC133 and FTC238 were treated with different concentrations of resveratrol for 24 h, 48 h, and 72 h. Cell Counting Kit-8 (CCK-8) assays showed that resveratrol treatment significantly reduced the viability of FTC cells compared with that of control cells in a dose-dependent and time-dependent manner ( Figures  5A and 5B) . The 50% growth-inhibitory concentration (IC 50 ) www.moleculartherapy.org values for FTC133 and FTC238 cells at 24 h were 199.23 mM and 301.56 mM, respectively. To analyze the long-term effect of resveratrol treatment on the survival of FTC cells, colony formation assays were performed. The results revealed that resveratrol treatment led to a dramatic decrease in the number of colonies formed ( Figures 5C and 5D ). Together, these results indicate that treatment with resveratrol has an obvious effect on FTC cells and that resveratrol inhibits cell growth in a dose-dependent and time-dependent manner.
Because we observed a significant change in cell proliferation during treatment with resveratrol, we performed a series of assays to address whether resveratrol treatment affected migration, invasiveness, and angiogenesis in FTC cells. Transwell migration assays were performed to evaluate the migration ability of FTC133 and FTC238 cells treated with the indicated concentrations of resveratrol for 24 h. The migration ability of FTC133 and FTC238 cells was significantly reduced after resveratrol gradient treatment (Figures 5E and 5F ). Similarly, Transwell assays with Matrigel showed that the invasion capability of FTC133 and FTC238 cells was blocked during resveratrol treatment ( Figures 5G and 5H) . Moreover, CTF by human umbilical vein endothelial cells (HUVECs) was assessed to determine the angiogenesis ability of FTC133 and FTC238 cells after treatment with different concentrations of resveratrol, and the results indicated that resveratrol treatment inhibited CTF by these cells (Figures 5I  and 5J ).
To investigate the in vivo activity of resveratrol in FTC, an athymic nude mouse subcutaneous xenograft model was established with the more aggressive FTC238 cells. As shown in Figures 5K-5M , administration of resveratrol to nude mice inhibited the size and growth rate of tumors generated by FTC238 cells in vivo. Accordingly, the weights and volumes of tumors in the normal saline (NS) group were significantly greater than those in the resveratrol (Res) group. Collectively, these data suggest that Res treatment can effectively attenuate the migration, invasion, and angiogenic capacities of FTC cells in a dose-dependent manner in vivo and in vitro.
Res Reduces the Expression of ST6GAL2 and Activates the Hippo Signaling Pathway in FTC Cells
Based on the above research results, we hypothesized that the regulatory mechanism of Res is related to the ST6GAL2 pathway. To investigate this relationship, we examined the expression of ST6GAL2 in FTC133 and FTC238 cells treated with Res (300 mM, 24 h). The qPCR and western blot results showed that ST6GAL2 expression was significantly reduced after Res treatment compared with that in control FTC133 and FTC238 cells ( Figures 6A-6D ), indicating that Res plays a role in downregulating the expression of ST6GAL2 in FTC. To further demonstrate the molecular mechanisms of Res intervention in FTC, western blotting was performed to assess the expression of molecules in the Hippo signaling pathway and showed that Res activated the Hippo signaling pathway in FTC cells (Figures 6E-6G ). An IHC staining assay was performed to assess the expression of molecules in the Hippo signaling pathway in the NS group and the Res group. FTC tumor tissues exhibited activation of the Hippo signaling pathway after Res treatment ( Figures 6H  and 6I ). Accordingly, Res treatment can activate the Hippo pathway, most likely because of the reduction in ST6GAL2 expression.
DISCUSSION
FTC is a highly aggressive malignant carcinoma of the thyroid. 34 In this study, we aim to reveal new pathogenic mechanisms of FTC and propose intervention measures. We provide first evidence for three findings. Aberrant cell surface glycosylation is prevalent in various cancers and has been demonstrated to play a role in tumorigenesis. 11 STs are glycosyltransferases that control the linkage and level of cell-surface sialic acids, playing key roles in many biological processes of human disease, including multiple solid tumors. 10 STs are categorized into four families:
ST6GAL, ST3GAL, ST6GALNAC, and ST8SIA). Previous studies have reported that ST6GALNAC2 acts as a suppressor of breast cancer metastasis and can also be used for early detection of human colorectal carcinomas. According to our previous reports, ST6GAL1 and ST8SIA2 regulate the chemoresistance of human hepatoma cells, and ST3GAL6 mediates cell growth and invasion in human hepatoma cells. In addition, ST6GALNAC2 regulates breast cancer invasion. In summary, members of ST families are involved in the basic molecular and cellular biological processes that occur in several cancers. 14, 15, 17, [35] [36] [37] [38] However, the expression levels and functions of STs in FTC are not clear. Therefore, we used next-generation sequencing of clinical FTC samples to determine the expression levels of ST family members in FTC. The expression of ST6GAL2 was significantly increased in FTC compared with ST family members. Our previous research showed that ST6GAL2 had an obvious regulatory effect during the occurrence and progression of FTC. In the current study, in vitro experiments showed that ST6GAL2 had a regulatory effect on the proliferation, migration, and invasion ability of tumors. To further verify this hypothesis, we performed in vivo experiments and confirmed that upregulation of ST6GAL2 can increase the proliferation of FTC cells.
Hippo signaling pathway dysregulation has been reported in the occurrence and development of multiple human cancers. 30 This pathway is activated via YAP and TAZ phosphorylation under normal conditions. However, its dysregulation is an important cause of tumor occurrence, progression, and drug resistance. 39 We found that the expression levels of YAP/TAZ increased when ST6GAL2 was overexpressed in FTC cells. Therefore, we hypothesized that the regulatory mechanism of ST6GAL2 in FTC operated via inactivation of the Hippo signaling pathway, and the results of western blotting and IHC staining for Hippo signaling pathway proteins confirmed our hypotheses. YAP/TAZ enter the nucleus and induce the transcriptional activity of TEAD1-TEAD4 as transcriptional coactivators, which further upregulates multiple downstream effectors to play a pleiotropic role in tumor progression and metastasis. 40 We performed an immunofluorescence assay to assess the nuclear expression of YAP/TAZ and showed that nuclear expression of YAP/TAZ increased or decreased with increased or decreased expression of ST6GAL2, respectively. Thus, our results reveal a novel mechanism by which ST6GAL2 can inactivate the Hippo pathway and promote tumorigenesis of FTC cells.
Res, a nontoxic compound obtained mostly from grapes, has been proven to have appreciable anticancer effects in diverse cancers. 20 This compound has multiple molecular targets, including those involved in proliferation, survival, and death of cancer cells. For instance, Res enhances the rate of 131I-induced death in thyroid cancer cells and suppresses the growth of and overcomes retinoic acid resistance in human anaplastic thyroid cancer cells. 22 However, previous studies have not reported the effect of Res on FTC. Our experiment confirmed that Res can inhibit tumorigenesis of FTC in vitro and in vivo. In addition, the expression of ST6GAL2, which was aberrantly high in FTC cells, decreased after treatment with Res. Moreover, the effect of Res was diminished in FTC cells with artificially high expression of ST6GAL2. Therefore, Res may attenuate tumorigenesis of FTC through inhibition of ST6GAL2 expression. In addition, as shown in the Figure S1 , the anti-proliferation effect of Res was almost abrogated in ST6GAL2 knockdown cells. Thus, we suggest that the inhibitory pathway of Res is through ST6GAL2, although the ST6GAL2 pathway might not be the only target of Res. Furthermore, the Hippo signaling pathway was activated after treatment with Res in vitro and in vivo. Thus, our results indicate that Res can inhibit FTC tumorigenesis and that this mechanism may be related to regulation of the ST6GAL2-Hippo pathway. Conversely, the ST6GAL2-Hippo pathway may be not the only pathway through which Res works, which should be explored further.
In conclusion, ST6GAL2 plays an important role in promoting tumorigenesis of FTC, at least in part by ST6GAL2-regulated inactivation of the Hippo signaling pathway. Res has an effect on the ST6GAL2-Hippo pathway and significantly inhibits tumorigenesis of FTC. Although the specific mechanism of Res in FTC requires further experimentation, our experimental findings might provide a therapeutic pathway toward FTC remission for patients who are intolerant to operation or in whom FTC diagnosis is difficult.
MATERIALS AND METHODS
Tissue Collection
FTC samples were obtained from 3 patients who provided informed consent in accordance with the ethical standards of the Second Hospital of Dalian Medical University (Dalian, China) review board. Adjacent normal thyroid tissue samples were obtained from the same patients and taken from normal thyroid tissue more than 2 cm away from the tumorous foci. All samples were reviewed by a pathologist and were histologically confirmed as FTC based on histopathological evaluation. No local or systemic treatments were administered to these patients before surgery.
Cell Culture
The human thyroid cell lines Nthy-ori 3-1 and FTC133 were obtained from Jennio Biotech (Guangdong, Guangzhou, China). FTC238 cells were purchased from the European Collection of Authenticated Cell www.moleculartherapy.org Cultures (ECACC) (Shanghai, China). HUVECs were obtained from the Institute of Biochemistry (Shanghai, China). Nthy-ori 3-1 and FTC133 cells and HUVECs were cultured in DMEM (Gibco, Grand Island, NY, USA) supplemented with 10% heat-inactivated fetal bovine serum (FBS) (Gibco) and 1% penicillin-streptomycin liquid (Solarbio, Beijing, China). FTC238 cells were cultured in RPMI 1640 medium (Gibco) supplemented with 10% FBS and 1% penicillin-streptomycin liquid (Solarbio). All cells were maintained in an incubator at 37 C and 5% CO 2 .
Animals
Athymic nude mice (aged 6 weeks) were purchased from the specific pathogen free (SPF) Animal Experimental Center of Dalian Medical University. The animal care and experimental procedures were reviewed and approved by the Institutional Animal Care and Ethics Committee of Dalian Medical University. After 1 week of adaptation, 20 nude mice were divided into 4 groups and subcutaneously injected with FTC238 
Next-Generation Sequencing
Next-generation sequencing was performed by Novogene (Beijing, China). The samples we used were obtained from the Second Hospital of Dalian Medical University. A total of 3 mg of RNA per sample was used as input material for the RNA sample preparations. RNA degradation and contamination were monitored on 1% agarose gels. RNA purity was checked using a NanoPhotometer spectrophotometer (Implen, CA, USA). RNA concentration was measured using the Qubit RNA Assay Kit in a Qubit 2.0 fluorometer (Life Technologies, CA, USA). RNA integrity was assessed using the RNA Nano 6000 Assay Kit and a Bioanalyzer 2100 system (Agilent Technologies, CA, USA). The Ballgown suite includes functions for interactive exploration of the transcriptome assembly and visualization of transcript structures, an abundance of features specific for each locus, and post hoc annotation of assembled features to annotated features. Transcripts with an adjusted p value of less than 0.05 were considered differentially expressed. The sample size consisted of three tissue samples per group.
PCR Analysis
We used the Total RNA Extraction Kit (Solarbio) to isolate total RNA from cell lines and then used the PrimeScript RT Reagent Kit with www.moleculartherapy.org gDNA Eraser (Takara, Otsu, Shiga, Japan) to reverse-transcribe RNA into cDNA. Real-time PCR analysis was performed using SYBR Green (Takara, Otsu, Shiga, Japan), and glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was used as the quantitative standard. The respective sequences of the upstream and downstream primers were 5 0 -ACG CTG CTG ATT GAC TCT TCT-3 0 and 5 0 -CAC ATA CTG GCA CTC ATC TAA-3 0 for ST6GAL2 and 5 0 -CTC CTC CAC CTT TGA CGC TG-3 0 and 5 0 -TCC TCT TGT GCT CTT GCT GG-3 0 for GAPDH.
IHC Staining Analysis
Tumor tissues from nude mice were fixed, embedded in paraffin, sectioned, and stained using hematoxylin and eosin. Paraffin sections were placed in an oven at 60 C for 30 min. Sections were dewaxed and rehydrated, followed by antigen retrieval with sodium citrate. Sections were incubated with 3% H 2 O 2 and blocked using goat serum. Next, sections were incubated overnight at 4 C with anti-p-MST1/2, anti-MST, anti-p-LATS1, anti-LATS1, anti-p-YAP, anti-YAP, and anti-TAZ antibodies (all at 1:150 dilution). After washing with PBS, sections were incubated with a biotinylated secondary antibody for 30 min at room temperature. Subsequently, sections were treated with 3,3-Diaminobenzidine Tetrahydrochloride (DAB) for cascade amplification and counterstained with hematoxylin for 5 s. Next, sections were dehydrated using a gradient alcohol series and covered with coverslips. Finally, slides were mounted and visualized by microscopy.
Cell Viability Assay
Cells in logarithmic growth phase were digested by trypsin and uniformly seeded in a 96-well plate. Each group contained 5 duplicate wells. The wells on the edges of the 96-well plate were filled with PBS, and the plate was placed in a 37 C, 5% CO 2 incubator. A total of 5 Â 10 3 cells were inoculated in each well. The cells were allowed to adhere. The medium was then aspirated, and the cells were treated with medium containing the specified concentrations of the substance for the specified durations. CCK-8 solution was added at 10 mL/well. The 96-well plate was incubated in a 37 C box for 1 h. The optical density (OD) of each well at 490 nm was measured in a microplate reader. The OD values were averaged, and the experiment was repeated at least 3 times.
RNA Interference and Plasmid Constructs
siRNA targeting ST6GAL2, negative control siRNA, and full-length ST6GAL2-pcDNA 3.3 vectors were purchased from GenePharma (Shanghai, China). The sequences of the si-ST6GAL2 constructs were 5 0 -GCA UCG AGU GUG UCA GUU AUA-3 0 and 5 0 UAA CUG ACA CAC UCG AUG-3 0 . The transfection procedures were performed according to the manufacturer's protocols. The cell lines were transfected with specific siRNAs and plasmid vectors using FUGENE HD transfection reagent (Promega, USA).
Colony Formation Assay
A total of 1,000 cells were plated in a six-well plate and mixed well with 3 mL of medium containing 10% FBS. Cells were maintained in an incubator at 37 C and 5% CO 2 for 1 week. The plate was taken out, the medium was removed, and the residual medium was washed away lightly with flowing water. Cells in the wells were fixed using paraformaldehyde for 30 min and then stained with 0.1% crystal violet. Clusters containing 30 cells or more were counted as a single colony.
Cell Migration and Invasion Assays
Cells were harvested, resuspended in serum-free medium, and seeded in the upper chamber of a Transwell membrane filter (Corning Life Sciences, NY, USA). Medium containing 10% FBS was added to the lower chamber. The cells were incubated for 24 h. After treatment with paraformaldehyde, cells were stained with 0.1% crystal violet. Finally, cells were imaged and counted using an Olympus microscope (Tokyo, Japan).
Endothelial Tube Formation Assay
Matrigel (Corning Life Sciences) (10 ml) was added to each well of a 96-well plate and allowed to solidify at 37 C for 30 min. HUVECs were resuspended in supernatant collected from each group. Then 300 mL of supernatant containing 4 Â 10 4 HUVECs was added to each well and incubated at 37 C. After 8 h, tube formation was observed under a microscope.
Western Blot Analysis
The nuclear protein fraction and total protein were prepared with an isolation kit (KeyGEN Biotech, Nanjing, China). Western blotting was performed with antibodies against ST6GAL2, MST1, TAZ (Abcam), p-MST1/2, p-LATS1, LATS1, p-YAP, YAP (Affinity Biosciences), and GAPDH (ZSGB-BIO, Beijing, China). Protein quantification was performed using ImageJ software (National Institutes of Health, Bethesda, MD, USA) and normalized to GAPDH values.
Statistical Analysis
The data are presented as the means and standard deviations (SDs) of three replicates per group. Student's t tests were used to compare values between the tested groups. p < 0.05 indicated statistical significance. Calculations were performed using SPSS software version 13.0.
